Background
==========

Vascular smooth muscle cells (VSMCs) are a group of specialized cells characterized by remarkable plasticity in response to various environmental cues in mature cells \[[@b1-medscimonit-24-6599],[@b2-medscimonit-24-6599]\]. Vascular damage usually comes with alterations in phenotype, ranging from a contractile differentiated state to the dedifferentiated state characterized by proliferation and migration \[[@b3-medscimonit-24-6599],[@b4-medscimonit-24-6599]\]. This response participates in the development of vessel disorder as well as remodeling, which includes aggregation of dedifferentiated arterial VSMCs, and participates in the etiology of various vessel disorders, including arteriosclerosis \[[@b5-medscimonit-24-6599],[@b6-medscimonit-24-6599]\], which prompted us to further investigate the etiology of the VSMC phenotype.

In response to vascular damages, release of a variety of factors is induced to activate VSMCs proliferation. For instance, upregulation of PDGF-BB can initiate the associated signal pathway to activate the proliferation of VSMCs, so as to complete the phenotypic transition from differentiated status to dedifferentiated status. Through binding to its receptor (PDGFR-β), PDGF-BB can further trigger a variety of signal cascades, including silent information regulator transcript-1 (SIRT1), PI3K/AKT, ERK, and MAPK pathways in vascular injury. SIRT1 is a nicotinamide adenine dinucleotide (NAD)-dependent nuclear histone deacetylase that mainly plays an anti-inflammatory role in the vasculature by regulating proliferation and the cell cycle. One of its major deacetylation targets is nuclear factor-κB (NF-κB). The acetylation of NF-κB and its proinflammatory program can lead to the induction of CyclinD1 and MMP-9 in the vasculature, which is associated with VSMC proliferation and migration. Recent studies show that PDGFR-β/SIRT-1/NF-κB signaling plays a role in the VSMC phenotypic transformation after subarachnoid hemorrhage \[[@b6-medscimonit-24-6599]--[@b8-medscimonit-24-6599]\].

Emerging evidence indicates that a number of new classes of non-coding RNAs have been discovered in regulating tissue homeostasis under different conditions \[[@b9-medscimonit-24-6599],[@b10-medscimonit-24-6599]\]. The miRNAs are non-coding RNAs that regulate the expression level after transcription via binding to target mRNAs, thus suppressing translation or stimulating degradation of mRNAs \[[@b11-medscimonit-24-6599]\]. It has also been revealed that miRNAs are associated with SMC plasticity \[[@b12-medscimonit-24-6599]--[@b14-medscimonit-24-6599]\]. A number of miRNAs, such as miR-21, miR-206, miR-124, miR-199, and miR-182, have been recognized as regulators of the VSMC phenotype, not only *in vivo*, but also *in vitro* \[[@b15-medscimonit-24-6599]--[@b19-medscimonit-24-6599]\]. Changes in expression of miRNAs are show promise in providing novel treatment strategies.

As a tumor suppressor, miR-29b represses migration and invasion of malignant cells by directly targeting lysyl oxidase-like 2 genes \[[@b20-medscimonit-24-6599]\]. It is reported that miR-29b plays a role in accelerating the apoptotic events in smooth muscle cells, which is mediated byMMP-2. Moreover, in presence of miR-29b, migration and proliferation of VSMCs are also suppressed during neointimal generation. Nevertheless, few studies have elucidated the significance of miR-29b in phenotypic switch of VSMCs. Thus, we aimed to discover how miR-29b works in VSMCs phenotypic switch.

Material and Methods
====================

Cell culture and treatment
--------------------------

Primary VSMCs of the aorta in mice (CHI Scientific, Jiangyin, China) were cultured in DMEM supplemented with fetal bovine serum (10%; Invitrogen, Carlsbad, CA, USA) in 5% CO2 and at 37°C, and, after not more than 8 passages, were treated by PDGF-BB (Rocky Hill, USA) for 24 h.

Transfection of oligonucleotides in cultured VSMCs
--------------------------------------------------

For miR-29b knockdown, SMCs at 2×10^5^/well were cultured in 6-well plates for 24 h, followed by transfection of miR-29b inhibitor (GenePharma, 80 nM) or negative control (80 nM) using Lipofectamine 2000 (Invitrogen, Carlsbad, USA). Transfected cells were further cultured in antibiotics-free medium for 24 h for subsequent experiments. For miR-29b overexpression, procedures were the same as the previous protocol, but the transfection was carried out with miR-29b mimic (GenePharma, 50 nM) or negative control (50 nM). Sirt1 knockdown was performed using siRNA (GenePharma) or the control (40 nmol/L), followed by transfection using Lipofectamine™ RNAiMAX.

Quantitative reverse transcription PCR (qRT-PCR)
------------------------------------------------

Isolation of total RNA from murine aortic VSMCs was performed with TRIzol^®^. The qRT-PCR of U6 and miR-29b was carried out by using the TaqMan^®^ microRNA assay kit. Primers that were used to measure the levels of calponin, SM-MHC, and α-SMA are listed as follows:

1.  α-SMA: forward primer: 5′-GTCCCAGACATCAGGGAGTAA-3′,

2.  reverse primer: 5′-TCGGATACTTCAGCGTCAGGA3′;

3.  Calponin: forward primer: 5′-TCTGCACATTTTAACCGAGGTC-3′,

4.  reverse primer: 5′-GCCAGCTTGTTCTTTACTTCAGC-3′;

5.  SM-MHC: forward primer: 5′-AAGCTGCGGCTAGAGGTCA-3′,

6.  reverse primer: 5′-CCCTCCCTTTGATGGCTGAG-3′;

7.  GAPDH: forward primer: 5′-GCAAGTTCAACGGCACAG-3′,

8.  reverse primer: 5′-GCCAGTAGACTCCACGACATA-3.

The relative expression miR-29b to U6, calponin, SM-MHC, α-SMA, and GAPDH was identified using the 2^−ΔΔ^Ct method.

Luciferase reporter assay
-------------------------

After co-transfection of miR-29b or its inhibitor in the presence of lentiviral pGL3 vector containing clones of relevant sequences of SIRT1, we detected the activities of relevant luciferases in the luciferase reporter assay system.

Western blotting (WB) analysis
------------------------------

Homogenization was carried out using lysis buffer (Beyotime, China). Proteins were then loaded for electrophoresis, and those proteins on gel that were transferred on the PVDF membrane (Millipore, MA, USA) were blocked by 5% skimmed-milk for 1 h. Proteins on the membrane were incubated with anti-SM-MHC (1: 2000), anti-Sirt1 (1: 500), anti-α-SMA (1: 1000), anti-calponin (1: 1000), and anti-β-actin (1: 5000) antibodies (CST, MA, USA) overnight at 4°C, and then incubated with HRP-conjugated secondary antibodies. Analysis of protein expression was carried out with bands on membranes using ECL reagent (Pierce, IL, USA). The data are from 3 independent experiments.

Statistical analysis
--------------------

The data are listed in the form of mean ±S.E.M. ANOVA and Tukey's post hoc test were applied for evaluation of differences. For the evaluation, P values \<0.05 were considered as significant.

Results
=======

miR-29b is upregulated in the PDGF-BB-treated VSMCs
---------------------------------------------------

To investigate how miR-29b modulates the phenotype of VSMCs, we treated the VSMCs with PDGF-BB. qRT-PCR results of miR-29b showed that PDGF-BB treatment upregulated miR-29b in comparison with control cells ([Figure 1A](#f1-medscimonit-24-6599){ref-type="fig"}) and SIRT1 level was decreased when compared with cells in the control group ([Figure 1B, 1C](#f1-medscimonit-24-6599){ref-type="fig"}), suggesting a correlation between upregulation of miR-29b and VSMCs phenotypic modulation.

Knockdown of miR-29 suppresses the transformation of VSMC phenotypes
--------------------------------------------------------------------

To elucidate how miR-29b affects the transformation of VSMC phenotypes, we transfected VSMCs with miR-21b inhibitor or negative control to simulate functional loss for 24 h, followed by stimulation using PDGF-BB for 24 h. Differentiation-related genes, includinga-SMA, SM-MHC and calponin, and Sirt1, in VSMCs were downregulated, indicating that transfection of miR-29b inhibitor abolished changes in these genes and in Sirt1 ([Figure 2](#f2-medscimonit-24-6599){ref-type="fig"}).

miR-29 promotes the transformation of VSMC phenotypes
-----------------------------------------------------

To further assess how miR-29b works in transformation of VSMC phenotypes, we then transfected miR-29bmimic or negative control into VSMCs to regain the functions; 24 h later, cells were incubated with PDGF-BB for another 24 h. Treatment of PDGF-BB notably reduced the levels of Sirt1 and VSMCs differentiation marker genes ([Figure 3](#f3-medscimonit-24-6599){ref-type="fig"}). Transfection of miR-29b mimic enhanced the effect PDGF-BB on reducing the expression of these genes and Sirt1. Taken together, our results show that miR-29b is involved in the transformation of VSMC phenotypes as a new intermediate.

Sirt1is a target of miR-29b
---------------------------

The target genes of miR-29b were analyzed using Target Scan. Sirt1 was selected because it participated in the modulation of alteration in phenotype of VSMCs \[[@b21-medscimonit-24-6599]\]. The results of luciferase reporter assay showed that the luciferase activity was remarkably reduced when cells were transfected with Sirt1-3′ UTR and miR-29b, while it was noticeably increased when cells were transfected with Sirt1-3′ UTR and miR-29b suppressor ([Figure 4A, 4B](#f4-medscimonit-24-6599){ref-type="fig"}). The above findings show that Sirt1 mRNA is directly targeted by miR-29b. Furthermore, the findings revealed that miR-29b can reversibly modulate levels of Sirt1 proteins in cultured VSMCs ([Figure 4C, 4D](#f4-medscimonit-24-6599){ref-type="fig"}).

Knockdown of Sirt1 reverses the effect of miR-29b inhibition on VSMC phenotypic switch
--------------------------------------------------------------------------------------

To verify the role of SIRT1 in miR-29b-regulated VSMCs phenotypic modulation, we transfected si-Sirt1 and miR-29b inhibitor into VSMCs. As shown in [Figure 5](#f5-medscimonit-24-6599){ref-type="fig"}, miR-29b inhibitor increased the expression of VSMC differentiation marker genes, which were partially reversed by Sirt1 knockdown, suggesting that the regulatory role of miR-29b in transition of VSMCs phenotype depends on inhibition of Sirt1.

Knockdown of miR-29b suppresses activation of NF-κB
---------------------------------------------------

NF-κB signaling pathway plays an important role in VSMCs phenotypic modulation \[[@b22-medscimonit-24-6599]\]. We found that PDGF-BB significantly enhanced the activation of NF-κB and reduced the Sirt1 expression. miR-29 knockdown abrogated the enhancement of PDGF-BB on the activation of NF-κB and restored the Sirt1 level ([Figure 6](#f6-medscimonit-24-6599){ref-type="fig"}). Together, these results suggest that miR-29b regulates VSMCs phenotypic modulation by suppressing the Sirt1/NF-κB signaling pathway.

Discussion
==========

In the present study, miR-29b is involved in regulating the transformation of VSMCs transformation through the Sirt1-NF-κB pathway. Results showed that miR-29b was upregulated in VSMCs treated by PDGF-BB, which further downregulated SIRT1. In the absence of miR-29b, VSMCs differentiation was enhanced, which was reversed by its overexpression. Sirt1 knockdown reversed the miR29b inhibitor, modulated VSMC differentiation marker genes expression, and promoted transformation of VSMC phenotype from a contractile to synthetic phenotype ([Figure 7](#f7-medscimonit-24-6599){ref-type="fig"}). Therefore, the miR-29b-Sirt1 pathway may be involved in the transformation of phenotypes in VSMCs as a possible target in treatment of vascular diseases.

Since the microenvironment of vessel walls varies over time, VSMCs display remarkable versatility. Under regular quiescent circumstances, primary activities of VSMCs include contraction to maintain blood flow. In altered microenvironments, various changes are stimulated in VSMCs to achieve the conditions of proliferation and synthesis. Plasticity of phenotype is crucial for the development of vessels. However, these abnormal alterations in the phenotype lead to generation and progression of different proliferative diseases of vessels, including atherosclerosis, hypertension, and restenosis after angioplasty \[[@b23-medscimonit-24-6599]--[@b26-medscimonit-24-6599]\]. The etiology of these alterations in VSMC phenotype is still unclear. Recent reports have demonstrated that miRNAs participate in the regulation of the phenotype of VSMCs \[[@b27-medscimonit-24-6599]--[@b29-medscimonit-24-6599]\]. Selective expression of miR-145 occurs in murine VSMCs, which is remarkably inhibited during the alteration in phenotype triggered by PDGF-BB *in vitro* as well as in balloon-damaged murine arteria carotis. The miR-145 elimination noticeably attenuated the contractile state. Moreover, recovery of miR-145 concentration inhibits the dedifferentiation of VSMCs, as well as the generation of neointimal lesions that occur subsequent to vessel damage through suppressing KLF5 \[[@b30-medscimonit-24-6599],[@b31-medscimonit-24-6599]\]. In the present study, miR-29b was significantly upregulated in PDGF-BB-treated VSMCs. Emerging evidence shows the key role of miR-29b in smooth muscle cell homeostasis. It is reported that miR-29b promotes apoptotic activity of smooth muscle cells through MMP-2. In addition, miR-29b inhibits the activities of VSMCs during neointimal generation, including cell migration and proliferation, but the significance of miR-29b in transformation of phenotype in VSMCs remains unknown. To clarify how miR-29b works in phenotypic switch of VSMCs induced by PDGF-BB, we knocked down miR-29b and found that genes relating to differentiation were upregulated to suppress PDGF-BB. In case of overexpression, miR-29b blocked the transformation of phenotype in VSMCs, suggesting the modulating effect of miR-29b on phenotypic transformation in VSMCs. However, the relevant mechanism remains obscure.

Some pathways regulate the alteration of VSMC phenotype \[[@b32-medscimonit-24-6599]--[@b34-medscimonit-24-6599]\]. Multiple studies have proved that Sirt1/NF-κB axis participates in the alteration of phenotype of VSMCs \[[@b35-medscimonit-24-6599]--[@b37-medscimonit-24-6599]\]. We found that miR-29b bound to the mRNA of SIRT1 in luciferase reporter system, suggesting that SIRT1 is the target of miR-29b, consistent with the results of previous bioinformatics analysis. miR-29b exerts a negative effect in regulating the level of SIRT in VSMCs. When miR-29b was knocked down, differentiation marker genes were upregulated, with an inhibitory effect on NF-κB. More importantly, in the absence of Sirt1, transformation of phenotype in VSMCs was reversed in those transfected with miR-29b inhibitor, indicating the potential role of Sirt1 in phenotypic switch of VSMCs induced by miR-29b.

Conclusions
===========

In conclusion, miR-29b regulates the phenotypic switch of VSMC, which is mediated by PDGF-BB through SIRT1 and is a potential target in treatment of vascular diseases.
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![miR-29b is upregulated in PDGF-BB-treated VSMCs. (**A**) mRNA expression of miR-29b in PDGF-BB-treated (20 ng/ml) VSMCs for 24 h. (**B--C**) Representative immunoblots (**B**) and quantitative analysis of Sirt1 (**C**) in PDGF-BB-treated VSMCs. This procedure was performed in triplicate with data expressed as means ±S.E.M. \*\* p\<0.01 *vs.* control group.](medscimonit-24-6599-g001){#f1-medscimonit-24-6599}

![miR-29 knockdown increases the differentiation marker genes expression in VSMCs. (**A--E**) Representative immunoblots (**A**) and quantitative analysis of α-SMA (**B**), calponin (**C**), SM-MHC (**D**), and Sirt1 (**E**) in VSMCs. This procedure was performed in triplicate with data expressed as means ±S.E.M. \*\* p\<0.01 *vs.* control group, ^\#^ p\<0.05 *vs.* negative control group.](medscimonit-24-6599-g002){#f2-medscimonit-24-6599}

![Overexpression of miR-29 downregulates differentiation marker in VSMCs. (**A--D**) Representative immunoblots (**A**) and quantitative analysis of α-SMA (**B**), calponin (**C**), SM-MHC (**D**), and Sirt1 (**E**) in VSMCs. This procedure was performed in triplicate with data expressed as means ±S.E.M. \*\* p\<0.01 *vs.* control group, ^\#^ p\<0.05 *vs.* negative control group.](medscimonit-24-6599-g003){#f3-medscimonit-24-6599}

![Sirt1is a potential target gene of miR-29b. (**A, B**) mRNA expressions of miR-29b andSirt1 determined by luciferase activity assay. (**C, D**) Representative immunoblots and quantitative analysis of Sirt1in miR-29b mimic- (**C**) or inhibitor (**D**)-transfected VSMCs for 24 h. This procedure was performed in triplicate with data expressed as means ±S.E.M. \*\* p\<0.01 *vs.* NC group.](medscimonit-24-6599-g004){#f4-medscimonit-24-6599}

![Knockdown of Sirt1 reverses VSMC phenotypic modulation caused by miR-29b inhibitor. A-C, mRNA expressions of SM-MHC (**A**), α-SMA (**B**), and calponin (**C**) in VSMCs as determined using qRT-PCR. This procedure was performed in triplicate with data expressed as means ±S.E.M., \*\* p\<0.01 *vs.* PDGF-BB group, ^\#^ p\<0.05 *vs.* miR-29b inhibitor group. (**D**) Representative immunoblots and quantitative analysis of Sirt1 in VSMCs transfected with Sirt1 siRNA. This procedure was performed in triplicate with data expressed as means ±S.E.M. \*\* p\<0.01 *vs.* control group. (**E, F**) Representative immunoblots and quantitative analysis of SM-MHC (**E**) and α-SMA (**F**) in VSMCs. This procedure was performed in triplicate with data expressed as means ±S.E.M., \*\* p\<0.01 *vs.* PDGF-BB group, ^\#^ p\<0.05 *vs.* miR-29b inhibitor group.](medscimonit-24-6599-g005){#f5-medscimonit-24-6599}

![Knockdown of miR-29 suppresses NF-κB activation in VSMCs. (**A--D**) Representative immunoblots (**A**) and quantitative analysis of p-p65 (**B**), Sirt1 (**C**), and acetylation of p65 (**D**) in VSMCs. This procedure was performed in triplicate with data expressed as means ±S.E.M., \*\* p\<0.01 *vs.* control group, ^\#^ p\<0.05 *vs.* negative control group.](medscimonit-24-6599-g006){#f6-medscimonit-24-6599}

![Schematic layout of showing miR-29b modulates the transformation of VSMCs phenotype through SIRT1. In the presence of PDGF-BB, miR-29b is upregulated to inhibit Sirt1, which further blocks NF-κB activation, resulting in contractile-synthetic transformation in phenotypes of VSMCs and vascular remodeling.](medscimonit-24-6599-g007){#f7-medscimonit-24-6599}
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